Abstract-LTE femtocells have been commonly deployed by network operators to increase network capacity and offload mobile data traffic from macrocells. A User Equipment (UE) camped on femtocells has the benefits of higher transmission rate and longer battery life due to its proximity to the base stations. However, various user mobility behaviors may incur frequent signaling overhead and degrade femtocell offloading capability. To efficiently offload mobile data traffic, we propose a Threshold Offloading (TO) algorithm considering the trade-off between network signaling overhead and femtocell offloading capability. In this paper, we develop an analytical model to quantify the trade-off and validate the analysis through extensive simulations. The results show that the TO algorithm can significantly reduce signaling overhead at minor cost of femtocell offloading capability. Moreover, this work offers network operators guidelines to set offloading threshold in accordance with their management policies in a systematical way.
Our work focuses on data offloading in homogeneous networks. The emergent femtocell extends the coverage of cellular networks and makes data offloading in homogeneous networks a promising solution. From network operators' point of view, femtocells can extend network coverage, offload mobile data traffic from macrocells, and increase network capacity [3] . From users' point of view, femtocells enable higher transmission rate and longer battery life since UEs receive better signal strength and consume less energy [4] . With all these attracting benefits, femtocells are commonly accepted by network operators as an effective offloading technique and massively deployed in urban and metropolitan areas. According to [5] reported in 2014, Korea Telecom (KT) has deployed more than 10,000 small cells in the Seoul metropolitan area and a further 8,000 in greater Seoul, which houses over half population in South Korea.
However, many researchers have pointed out that femtocell offloading may not always guarantee aforementioned benefits and may cause network signaling overhead due to various user mobility behaviors [6] [7] [8] [9] [10] [11] [12] . For instance, if high mobility users reside in a femtocell for a short period of time, only small amount of data can be offloaded. However, they trigger two handover procedures and incur signaling overhead when they move into and out of a femtocell. For simplicity, we call this behavior as transient handover. The transient handovers not only degrade Quality of Experience (QoE) of mobile users but also reduce the availability of femtocell for legitimate users, i.e., reduce system capacity. Only for low mobility users, femtocell offloading will provide the aforementioned benefits. Thus, in order to efficiently offload mobile data traffic from macrocells, it is important to address when and how should a UE handover into a femtocell as the UE approaches the boundary of the femtocell. It is essentially a trade-off between network signaling overhead and femtocell offloading capability.
In this paper, we propose a simple but effective algorithm to offload mobile data traffic to femtocells and provide a mathematical model to quantify its performance. Our analytical model and simulation results show consistent findings that the proposed algorithm significantly reduces signaling overhead and sacrifices little femtocell offloading capability. The contributions of this paper are twofold:
• First, we propose an effective algorithm for femtocell traffic offloading considering the trade-off between network signaling overhead and femtocell offloading capability. Moreover, the proposed algorithm is simple. Thus, it is easy to implement.
• Second, we provide an analytical model to investigate the performance of our proposed algorithm, which is further validated through extensive simulations. In addition, our mathematical analysis offers guidelines for network operators on setting offloading threshold in a systematic way.
The remaining parts of the paper are organized as follows. Section II introduces the background. Section III presents the related works. Section IV describes the proposed algorithm. The analytical model is presented in Section V. Section VI provides the simulation and numerical results. Section VII summarizes the paper.
II. BACKGROUND Fig. 1 shows an example scenario that a UE has an active session while passing through the coverage areas of an eNB and a set of HeNBs, typically with radius within 2,000 meters and 20 meters, respectively [3] . The UE connects to the core network via either the eNB or one of the HeNBs. In the core network, a Mobility Management Entity (MME) handles bearer management, mobility management, and control plane signaling. A Serving Gateway (S-GW) forwards user packets between the UE and the core network. The routing between the core network and the Internet is responsible by a Packet Data Network Gateway (P-GW) [2] . Fig. ? ? shows the handover procedure specified in the 3GPP standard [2] , referred to as the baseline handover procedure in this paper. In the figure, solid lines indicate signaling messages, and dashed lines represent user data traffic. There are three phases in the baseline procedure: handover preparation, handover execution, and handover completion. Since the proposed algorithm only involves in handover preparation phase, we elaborate the handover preparation phase as follows:
• Step 1: The eNB informs the UE in which event the received signal strength should be reported through a configuration message, and the UE keeps track of the received signal strength of its serving cell and neighboring cells.
• Step 2: Upon a specified event 1 happens, the UE sends measurement reports to the eNB. 1 There are several measurement report triggering events defined in the 3GPP standard: event A1-A6, B1, B2, C1, and C2. For example, event A3 is triggered when signal level from neighbor cell becomes amount of offset better than serving cell. Further details can be found in [13].
• Step 3: The eNB decides whether to initiate a handover (HO) procedure to the selected target cell based on the information received from the UE measurement reports and the status of the neighboring cells.
• Step 4: The source eNB sends a handover request as well as the UE context (e.g., security and QoS context) to the target HeNB.
•
Step 5: The admission control ensures the UE will be served with enough bandwidth and guarantees the UE's QoS requirements. In addition, it checks whether a UE is legitimate to access its resources.
• Step 6: If the target HeNB is capable of providing the requested service quality, it informs the source eNB with a Handover Request Ack.
Step 7: The eNB sends a control message to the UE to initiate the handover procedure.
For further understanding of the handover procedure, readers can refer to [2] for details.
III. RELATED WORK
Many studies have been proposed for homogeneous network data offloading [6] [7] [8] [9] [10] [11] [12] . The authors of [6] identify the frequent and unnecessary handover problem for hierarchical network environment. They proposed a Call Admission Control (CAC) mechanism at target HeNB to minimize transient handovers. However, they did not provide analysis and guidelines for operators to determine the value of essential parameters. The authors of [7] later extended the problem to hybrid access mode HeNBs and classified users into two groups: pre-registered and unregistered. Unregistered users are not allowed to handover into femtocells so a portion of frequent handovers are avoided. However, pre-registered users still suffer from negative effects of frequent transient handovers.
In [9] [10] [11] , the authors considered Received Signal Strength (RSS) as well as moving speed of a UE to reduce unnecessary handover executions. The authors of [9] proposed handover algorithms based on RSS and velocity information from the UE. The authors of [11] proposed a handover algorithm based on the state of UE mobility and application type. In [10] , the authors further used proactive handover procedure to reduce packet loss for real-time services. However, in LTE networks, velocity measurement of a UE causes extra costs and may not be accurately obtained.
Recent studies proposed handover algorithms based on signal information received from UEs [8] , [12] . In [12] , the authors proposed Double Threshold Algorithm (DTA) which uses two thresholds of Signal to Interference and Noise Ratio (SINR) to determine whether a handover procedure should be performed. Because DTA heavily depends on accurate measurement of SINR, serious interference in densely-deployed LTE network may cause inaccurate measurement and make it ineffective in those areas. The authors of [8] proposed a Reducing Handover Cost (RHC) mechanism at source HeNB to reduce signaling cost caused by transient handovers. A femtocell-to-macrocell handover request is delayed for a period of time when a UE moves out of a femtocell. However, RHC 
IV. PROPOSED THRESHOLD OFFLOADING (TO)
The transient handover consists of two parts: macrocell-tofemtocell and femtocell-to-macrocell handover. The proposed Threshold Offloading (TO) is employed at the serving eNB to prevent undesired macrocell-to-femtocell transient handovers, and so the following femtocell-to-macrocell handovers are also prevented.
The proposed TO requires only minor modification of the 3GPP standard, shown in Fig. 2 . When a UE enters a femtocell and meets the handover triggering requirements, the macrocellto-femtocell handover request is deferred at the serving eNB until a predefined offloading threshold t o is reached. If the UE leaves the femtocell before t o expires, no handover is triggered. Otherwise, the handover request will be sent to the target HeNB if t o has expired and the triggering condition for handover still exists. Fig. 3 illustrates the flow chart for the TO.
The parameter, t o , determines the efficiency of the proposed TO. For instance, more signaling overhead can be reduced by setting a larger t o , but it will degrade femtocell offloading capability because less time UEs will be offloaded to femtocells. Although the proposed TO sounds intuitive, how to set t o properly is nontrivial. In next section, we present a mathematical model to determine t o in a systematic way.
V. ANALYTICAL MODEL
In this section, we investigate the trade-off between signaling overhead and femtocell offloading capability. We first propose a mathematical model to quantify the characteristics of the trade-off. Next, the impacts of the offloading threshold t o are studied by two performance metrics: signaling overhead reduction ratio Θ(t o ) and offloading capability loss ratio Λ(t o ).
We define signaling overhead reduction ratio Θ(t o ) (0 < Θ(t o ) ≤ 1) as:
where N t (t o ) and N b are the total number of handovers during a session with and without TO, respectively. Θ(t o ) indicates at what percentage the proposed TO reduces total number of handovers in a session. The higher Θ(t o ) is, the better the TO performs. Next, we define offloading capability loss ratio
where T t (t o ) and T b are the total time that the session is served in femtocell with and without TO, respectively. No assumptions made on traffic types or traffic distributions, we use time ratio to represent the possibility that a UE's session can be served by femtocells. Since the TO will reduce the amount of time offloaded to femtocell during a session, Λ(t o ) indicates how much offloading capability the TO can remain compared to the 3GPP standard.
The radio coverage areas of femtocells overlapped with a macrocell may be continuous or discontinuous. The difference between them is that, in discontinuous case, a UE can be at most under one femtocell coverage, therefore there is only one target HeNB to handover. While in continuous case, a UE can be under multiple femtocell coverage, and there are multiple target HeNBs, which complicates UEs' measurement reporting and handover decision. In this study, we first consider the discontinuous case and leave the continuous one as our future work.
Because the cell shape (e.g. hexagonal or circular), the cell size, UE moving speed, and their moving direction are hard to be characterized, in this paper, the mobility behavior of a UE is modeled by the length of Cell Residence Time (CRT). This is commonly adopted in previous studies [8] , [14] . In our analytical model, when a UE travels in the macrocell, it alternately stays in the macrocell and the femtocells. A UE's session can be categorized into four cases, as shown in Fig. 4 During a UE's session, for i ≥ 1, the i th CRT in a macrocell is denoted by t mi and the i th CRT in a femtocell is denoted by t fi . For i = 0, t m0 refers to previous macrocell residence time in which a session starts, and the same for t f0 . Next, we list the assumptions in our analysis: 1) Both macrocell and femtocell CRT, t mi and t fi , are i.i.d. and generally distributed as f m (t) and f f (t), with mean 1/η m and 1/η f , respectively. Their Laplace transforms are denoted as f * m (s) and f * f (s).
2) The session length, t s , follows exponential distribution with mean 1/η s , and with the probability density function (pdf) f s (t) = η s e −ηst . 3) The offloading threshold, t o , is exponentially distributed with mean 1/η o , and with the pdf f o (t) = η o e −ηot .
Due to page limitation, only the final results of the derivations are given. Please refer to [15] for detailed mathematical analysis. Eqs. (1) and (2) are rewritten as:
and
where
VI. SIMULATION AND NUMERICAL RESULTS
In this section, we provide numerical results for the analysis presented in Section V. The analysis is validated through extensive simulations by using ns-2 [16], version 2.35. The two performance metrics derived from our analytical model, i.e., Sim., η f = 100η s Sim., η f = 10η s Sim., η f = η s Sim., η f = 0.1η s Eqs. (3) and (4), can be obtained if the close-form expressions of f * f (s) and f * m (s) exist. We apply Gamma distribution for femtocell residence time t fi and macrocell residence time t mi because Gamma distribution is known for its ability to approximate many other distributions. It also has a close-form Laplace transform expression. Gamma distribution has been widely adopted in many previous studies to reflect various UE mobility behaviors [14] , [17] . Let the shape parameters of f f (t) and f m (t) be γ f and γ m , and their variances v f = 1/(γ f η 
A. Effects of UE Mobility
As shown in Eqs. (3) and (4), the UE's behavior inside the macrocell (η m and v m ) have no impacts on the two performance metrics, the effects of UE mobility can be simply reflected by the UE's behavior inside femtocells, i.e., η f and v f .
First, the effects of mean femtocell residence time 1/η f are investigated. In Fig. 5 , the mean macrocell residence time 1/η m is fixed as one tenth of the session length (η m = 10η s ), and 1/η f is set from one hundredth of the session length (η f = 100η s ) to ten times of that (η f = 0.1η s ). Generally, for 1/η f that takes smaller portion of t s , the proposed TO has better performance for Θ(t o ). In the case of η f = 10η s , the proposed TO can easily reduce over 40% signaling overhead but lose less than 10% offloading time. In addition, Θ(t o ) increases faster than Λ(t o ) drops. Thus, the proposed TO is proven to be capable of significantly reducing signaling overhead at minor cost of femtocell offloading capability.
Second, the effects of the variance of femtocell residence time v f are investigated. A larger variance v f indicates that the UE mobility behavior is more dynamic and less predictable, which fits closer to real life situation. In Fig. 6 , the mean macrocell residence time 1/η m and the mean femtocell residence time 1/η f are fixed as one tenth of the session length (η m = 10η s ) and one fortieth of the session length (η f = 40η s ), respectively. The v f is set from one hundredth of mean femtocell residence time (v f = 1/100η f ) to a thousand times of mean femtocell residence time (v f = 1000/η f ). As shown in Fig. 6 when the variance v f gets larger for all different mean values of the offloading threshold t o . Therefore, the proposed TO is considered effective against various UE mobility behaviors in real life.
B. Effects of Session Length
In Fig. 7 , the mean macrocell residence time 1/η m and the mean femtocell residence time 1/η f are fixed as 60 and 15 seconds, respectively. The mean session length is set from 0 to 150 seconds (i.e., 10/η f ). We observe that the mean session length has prominent effects on the two performance metrics only when it is smaller than the mean femtocell residence time, i.e., η s > η f , while it tends to be less perceivable when η s < η f . In the case of η s > η f , Θ(t o ) decreases as the session length prolongs due to the fact that the offloading threshold t o takes smaller proportion of the session length as t s gets larger. On the other hand, for η s > η f , Λ(t o ) increases when the session length prolongs because the offloading time lengthens along with the session length. Thus, depending on whether the mean session length is smaller than the mean femtocell residence time, the significance of the session length can be determined. Overall, for η s > η f , both UE mobility behaviors and the session length have impacts on the two performance metrics, while the effects of UE mobility dominate for the case of η s < η f .
VII. CONCLUSIONS
In this paper, we proposed the TO that considers the trade-off between network signaling overhead and femtocell offloading capability. It is evaluated by two performance metrics: signaling overhead reduction ratio Θ(t o ) and offloading time ratio Λ(t o ). Our analytical model and simulation results show consistent findings that the proposed TO is capable of significantly reducing signaling overhead against various UE mobility behaviors while little femtocell offloading capability is compromised, particularly for UEs with more dynamic mobility behaviors (i.e., larger v f ). Moreover, our work provides guidelines for network operators to systematically set the offloading threshold t o .
